Background and Purpose: Our purpose was to assess the effectiveness of middle cerebral artery occlusion in producing acute focal ischemia in the rat by the use of Koizumi's and Longa's methods, in which occlusion is achieved by passing a nylon thread into the internal carotid artery.
F or many years investigators have sought a minimally invasive rodent model of focal ischemia. The main advantages of rodent models are low cost, close similarity of the cerebrovascular anatomy and physiology to higher species, and small brain size that is well suited to fixation procedures. For a model of focal ischemia to be useful in the experimental context it must be capable of producing an adequate level of ischemia as well as consistent and reproducible results. Branston's group1 has established that neuronal function will fail when cerebral blood flow (CBF) falls to <16 ml/100 g per minute and that metabolic failure occurs when CBF is reduced to <12 ml/100 g per minute. In addition, the technique should be simple and have low mortality.
Models of focal ischemia in the rat have normally been produced by occlusion of the middle cerebral artery (MCA) . The In 18 control rats CBF and physiological variables were measured repeatedly for up to 7 hours to establish the stability of the preparation. Occlusion was attempted in 82 rats.
The two methods of producing MCA occlusion both involve the introduction of an intraluminal 4-0 surgical thread to occlude the origin of the MCA. The carotid bifurcation in the neck is exposed, the common carotid artery is occluded, and the branches of the external carotid artery are dissected and divided. The internal carotid artery is followed rostrally, and the pterygopalatine branch is identified and divided. The thread is then introduced into the internal carotid artery and advanced between 17 and 20 mm.
The difference in the techniques described by Koizumi and Longa lies in the preparation of the thread. In Longa's method the tip of the suture is blunted by heating near a flame, and in Koizumi's method the distal 5 mm is coated with silicone to a diameter of 0.25 mm (see References 5 and 7 for details). Both types of thread are easily and reproducibly made (Figure 1 ).
To help with correct positioning of the suture a hydrogen desaturation curve was recorded during its introduction, and an abrupt change in the slope of the curve indicated successful occlusion of the MCA (Figure 2) . After induction of ischemia, CBF was measured repeatedly for 4 hours, and then the animal was killed. The thread was withdrawn, and the rat was decapitated. Willis attached was removed intact and examined with an operating microscope to confirm the positioning of the thread. It was quite clear exactly where the suture had been positioned during the procedure because the intracranial internal carotid artery remained dilated even after withdrawal of the suture. The site of puncture was noted if the suture had perforated the intracranial internal carotid artery. Brains were prepared for histology by fixation in neutral buffered formalin for 7 days. The brains were sliced coronally to give two central consecutive 4-mm-thick slices. The tissue was processed with paraffin, and sections were stained with hematoxylin and eosin and examined by light microscopy by one of us who was unaware which procedure had been undertaken.
Results
In 18 control animals CBF and physiological variables were measured for up to 7 hours. CBF in the center of the MCA territory was 82 (95% confidence interval [CI], 80-84) ml/100 g per minute, and this together with the physiological variables was stable over a 7-hour period (Table 1 ).
Longa's blunted suture method was attempted in 52 consecutive rats (group 1). Successful positioning of the suture was achieved in 29 rats (56%) (Figure 3 ). Mean CBF in the center of the MCA territory on the side of occlusion was 33 (CI, 28.3-37.7) ml/100 g per minute and in the control hemisphere was 72 (CI, 71-73) ml/100 g per minute. Failure occurred either as a result of perforation of the intracranial internal carotid artery or its branches or because the suture had been inserted as far as possible, but its tip lay short of the origin of the MCA.
Koizumi's method was undertaken in the next 30 consecutive rats (group 2), and profound reduction of CBF was achieved in 28 animals (93%). In these rats mean CBF in the MCA territory on the side of the occlusion was 10.7 (CI, 9.9-11.5) ml/100 g per minute, and in the control hemisphere blood flows in the MCA territory were also reduced to 71 (CIl 70-72) ml/100 g per minute. These postintervention blood flows were in all cases significantly lower than those of controls (p<0.001), and CBF in the center of the MCA territory in group 2 was also significantly lower than in group 1 (p<0.001) (Figure 4) . In all rats CBF and physiological variables were stable (Table 2 ).
B
A-C Histology of the brain in those animals with mean postintervention CBF of <25 ml/100 g per minute revealed unilateral ischemic changes in the MCA territory. These consisted of shrunken, hyperchromatic neurons showing pericellular vacuolation, and in some cases there were discrete areas of infarction.
Discussion
In this article two techniques for producing MCA occlusion and thereby acute focal cerebral ischemia are compared. In our laboratory we have found Longa's method to be unreliable. Occlusion was attempted in 52 animals, but it was successful in only 29, and in only seven of these was CBF in the MCA territory reduced to < 16 ml/100 g per minute. For occlusion to be successful, blood flow to the MCA from the anterior cerebral, internal carotid, and posterior communicating arteries must be interrupted. In Longa's method it is more difficult to pass the thread, and even when it is correctly positioned we do not think that flow around the thread is as effectively prevented as when Koizumi's thread is used. Thus, some flow is possible from the posterior communicating artery and from perforating vessels. Despite this, it is rarely possible to pass a larger-diameter 3-0 thread, and attempts to do so result in an even higher incidence of perforation of the vessels. The high rate of vessel perforation that we experienced using a 4-0 thread (10 of 52) is due to attempts to advance the thread against resistance when measured CBF shows little change. Longa sions, did not measure CBF during the attempted occlusion because they assessed the results of the procedure by neurological and histopathological methods. In Koizumi's method silicone coating of the distal 5 mm of the thread gives it a soft and malleable coating, which gently dilates the vessels through which it passes. This leads to a greatly reduced risk of vessel perforation and a much tighter fit, preventing any flow around the thread. Although the diameter of the thread is greater, it is soft enough to allow it to pass into the anterior cerebral artery and thus occlude flow from this source. Our results are very similar to those reported in the original report, in which successful occlusion was reported in 55 of 60 animals (92%).5
In conclusion, both methods of MCA occlusion without craniectomy can produce profound reduction in CBF sufficient to produce focal ischemic changes in the MCA territory. We have found that Koizumi's siliconecoated thread is able to produce ischemia more reliably and that reduction in CBF is more profound. We believe that this is the method of choice to study acute experimental ischemia in the MCA territory. The reliability and minimally invasive nature of the method also make it most suitable for the study of chronic ischemia.
